T HE shortcomings of destructive lesions used as treatment for neurological disorders ~,6 have triggered a search for new techniques. Electrical stimulation of the nervous system has been an attractive possibility because undesirable side effects of the stimulus may be eliminated when the electrical current is stoppedY We have studied the basic requirements for standardization of a safe stimulating current.
Electricity has long been used for destruction of tissue, either as direct or radiofrequency current; both will lead to destruction of brain or spinal cord, but each is partially uncontrollable and the results are irreversible. Even alternating current will damage the nervous system if its parameters are not rigidly controlled. Since electrical stimulation of the nervous system offers attractive possibilities for treatment of some neurological disorders, 2,11,12 standardization of safety factors is essential.
Several factors that theoretically influence the safe stimulation critical value (r) are:
Voltage across the electrodes, V Current delivered to the load, I Pulse repetition rate, f Pulse duration, d Contact area of the electrode, A Type of metal, M.
The safety factor for any given metal (PM) then should theoretically be: Several of these factors have been discussed previously. 3,5-7, lO Earlier investigators have primarily used histological changes to determine the extent of damage by electrical current. However, our histological studies and those of Bakay, et al., 1 show that the threshold for damage to the blood-brain barrier (BBB) is even more critical, for with several agents the BBB is damaged more easily than brain tissue.
Experiment 1: Thresholds of Blood-Brain Barrier Damage
Design. Through a generous craniectomy on anesthetized cats, the dura was opened, and a measured circular electrode was so positioned as to just make contact with the brain surface. The electrode was insulated except for the fiat circular surface in contact with the brain; conduction through the meniscus was thus eliminated and the effective area of the electrode kept constant. Large blood vessels were avoided. The surface of brain was kept moistened with warmed lactated Ringer's solution; and a pulsed current, oscilloscopically monitored, was applied through the electrode for 30 minutes. In several instances, the current was applied to the same area for 1 to 4 hours. At the beginning of stimulation, 5 cc of 2% Trypan Blue solution were injected intravenously at 1 89 intervals during the experiment. Normal brain did not stain, but areas with BBB damage stained blue. Thresholds of BBB damage were thus found for the various parameters tested.
Fifty acute experiments were done on adult mongrel cats, with 8 to 19 separate electrode sites per animal. Three platinum-iridium (Pl-Ir) electrodes were used, 0.010, 0.031, and 0.100 inch in diameter. The surface area of contact varied by one order (10 times) of magnitude. A stainless steel elec-Fro. 1. Monophasic square wave (top) and capacitor-coupled square wave (bottom) pulses, the two mainly used in this study. A Lilly pulse has positive and negative components of equal shape and size. trode 0.100 inch in diameter was also used for comparison.
Since energy delivered is best measured in watts, the watts per square inch (W/in 2) delivered to each site were calculated. Unidirectional square pulses and biphasic capacitor-coupled or Lilly-type pulses were used (Fig. 1) .
Results. Typical lesions are shown in Fig.  2 . With the least damage to the BBB there was no histological destruction of underlying brain tissue. In intensely blue-stained areas well above threshold for BBB damage, coagulation of tissue occurred and histological damage was seen. The results are summarized in Table 1 .
In comparing the results of the respective platinum-iridium electrodes (the capacitorcoupled square wave pulse) with the mean value (all experiments) for I' lesion with I' no lesion, the graphs shown in Figs. 3, 4 , and 5 were obtained. These graphs show the energy for lesion production or lack of lesion with three electrodes of different surface area, plotted at pulse durations of 100 and 400 ~sec. The shaded areas demonstrate standard deviations for lesion or no lesion of the pooled data for all three electrodes. The dark horizontal lines ( ~. lesion, ~t no les:_on) mark the means for these, respectively. One standard deviation for lesion is 0.17 W/in 2 to 0.52 W / i n 2. One standard deviation for no lesion is 0.8 W / i n 2 to 0.4 W / i n z.
Thus, an average of 0.34 W/in 2 was necessary to produce a lesion and 0.24 W / i n 2 for no lesion. If we assume a normal distribution of the data, no lesion will occur at 0.08 W / i n ~, with a confidence level of 8 9 % ; and no lesion will occur at 0.05 W / i n 2 at a 9 3 % confidence level. It is obvious that for safety the energy delivered must remain below 0.05 W / i n -~
The results above were all obtained with platinum-iridium electrodes and with the capacitor-coupled biphasic square wave pulse. Using the same electrodes with a unidirectional square pulse, we found the average value for r no lesion was 0.003 W / i n ~, a decrease in safety by a factor greater than 10. With stainless steel electrodes and unidirectional square pulses, the safety value for r no lesion was 0.0003 W/in 2, an additional tenfold decrease in safety.
Finally, with the Pl-Ir electrodes we have compared the Lilly-type biphasic pulse and found no difference (for BBB damage) from that with the capacitor-coupled pulse.
Experiment 2: Effect of Pulse Duration on Muscle Force
The critical specification for avoidance of BBB damage FM contains the variables V, I, d, f, and A. The duration of pulse d is the one variable that might be arbitrarily fixed; therefore, pulse d was tested in relation to a fixed physiological response, namely, muscle Fro. 2. Photograph of brain lesions with arrows demonstrating two of the Trypan Blue stains (arrows).
